Allogeneic hematopoietic stem cell transplantation (allo-HSCT) is not only a well-established immunotherapy for hematologic malignancies, but is potentially useful for treating solid tumors refractory to available therapies. However, application of allo-HSCT to solid tumors is limited, despite the beneficial antitumor effects, by the risk of graft-versus-host disease (GVHD). CD4 + T cells have been implicated in several aspects of GVHD, and suppress antitumor CD8 + T-cell responses. In the present study, we investigated clinically applicable allo-HSCT protocols designed to maximize antitumor effects while reducing the risk of GVHD. We used a mouse model of allo-HSCT with s.c. tumors. We found that myeloablative conditioning was associated with better inhibition of tumor growth but with severe acute GVHD. Early treatment with anti-CD4 mAb substantially ameliorated GVHD while preserving antitumor effects, leading to improved survival in myeloablative allo-HSCT. Late treatment with anti-CD4 mAb also ameliorated GVHD to some extent. Donor lymphocyte infusion in GVHD mice treated with anti-CD4 mAb further suppressed tumor growth without exacerbating GVHD. Collectively, our results suggest that myeloablative allo-HSCT followed by anti-CD4 mAb treatment and donor lymphocyte infusion could be a potent and safe immunotherapy for patients with cancers refractory to available therapies.
I
mmune checkpoint therapies, such as those targeting cytotoxic T-lymphocyte-associated protein 4 or programmed cell death protein 1 inhibitory signaling in T cells, have emerged as standard options for certain types of cancer patients. (1) However, despite clear survival benefits in a subset of tumor patients, other groups of patients are refractory to these immune checkpoint modulations. Particularly, patients with a limited number of somatic mutations in the tumor are less sensitive to immune checkpoint therapy. (2) T cells mainly recognize tumors through mutation-associated neoantigens that are presented as processed peptides in complexes with major histocompatibility complex (MHC) molecules. Thus, low mutation burden is associated with a low frequency of precursors to tumor-reactive T cells, and limits the size of antitumor T-cell responses, even in the absence of immunosuppressive signaling.
A possible way to increase the frequency of tumor-reactive T cells in cancer patients with low mutation burden is allogeneic hematopoietic stem cell transplantation (allo-HSCT), in which donor T cells in the graft recognize alloantigens on tumor cells and exert graft-versus-tumor (GVT) effects. (3, 4) In fact, allo-HSCT has been established as a curative immunotherapy for a variety of hematopoietic malignancies. (5) However, application of allo-HSCT to solid tumors is limited due to the risk of graft-versus-host disease (GVHD), where donor T cells attack non-malignant cells and mediate severe immunotoxicity. As alloantigens can be mismatched MHC or minor histocompatibility antigens expressed on both tumor and normal cells, segregation of GVT effects from GVHD remains as a major challenge limiting the application of allo-HSCT to solid tumors.
Despite the risk of GVHD, allo-HSCT has been tested for the treatment of patients with refractory solid tumors such as metastatic breast cancer and kidney cancer. (6) (7) (8) (9) (10) In these clinical trials, patients who developed severe GVHD had a lower risk of relapse than patients without acute GVHD, despite a high risk of transplant-related mortality. (10) These observations indicate that allo-HSCT would be an option for treating cancer patients with low mutation burden if we could establish a simple protocol to maximize the GVT effects while minimizing the risk of GVHD.
During acute GVHD, donor CD4 + T cells, and to a lesser extent CD8 + T cells, attack target organs such as the skin, liver, and intestine through the production of inflammatory cytokines. (11, 12) In addition, we previously reported that donor CD4 + T cells impair the hematopoietic niche in the bone marrow (BM) and severely suppress the production of T-and B-cell progenitors in mouse GVHD models. (13) Early depletion of CD4 + T cells after allo-HSCT by administering an anti-CD4 mAb dramatically ameliorated systemic GVHD effects and, in addition, improved lymphocyte production in the BM. Notably, this simple treatment preserved graft-versus-leukemia (GVL) effects against i.v. injected mastocytoma, establishing a basic strategy for segregating GVL effects from the risk of GVHD. However, it remains elusive whether these findings are applicable to allo-HSCT for the treatment of solid tumors.
In the present study, we aimed to optimize allo-HSCT to maximize the GVT effects against solid tumors while reducing the risk of GVHD. We used a mouse model of major mismatched allo-HSCT, and investigated the effects of factors such as intensity of irradiation preconditioning, depletion of CD4 + T cells, and donor lymphocyte infusion (DLI).
Materials and Methods
Mice and tumor cell lines. Male C57BL/6 (B6; H-2 b ) and (C57BL/6 9 DBA/2) F 1 (BDF 1 ; H-2 b9d ) mice were purchased from Japan SLC (Hamamatsu, Japan). Mice used for experiments were 6-8 weeks old at the time of HSCT. All mice were housed in a barrier system and all animal experiments were carried out in accordance with institutional guidelines with the approval of the Animal Care and Use Committee of the University of Tokyo (Tokyo, Japan). Colon-26 (H-2 d ) adenocarcinoma cells were obtained from the Cell Resource Center for Biomedical Research, Institute of Development, Aging, and Cancer, Tohoku University (Sendai, Japan).
Allogeneic hematopoietic stem cell transplantation, anti-CD4 mAb treatment, and DLI. Allogeneic hematopoietic stem cell transplantation was carried out using B6 donors and BDF 1 recipients as described previously. (13, 14) In brief, BM cells were prepared from the femurs and tibias of B6 donor mice, and T cell depletion was carried out with anti-Thy1.2 mAb using the autoMACS system (Miltenyi Biotec, Tokyo, Japan). Splenocytes were prepared from donor mice, and unfractionated T cells were negatively enriched by autoMACS with antibodies against CD11b, B220, Ter-119, and NK1.1. Antibodies against CD8 or CD4 were added to the antibody cocktail for unfractionated T cells to prepare CD4 + or CD8 + T cells, respectively (T cells, CD3 + >92%; CD4 + , >95%; and CD8 + , >95%). BDF 1 recipient mice received myeloablative (9 Gy, split into two equal doses given 3 h apart) or non-myeloablative (4 Gy) X-ray total body irradiation on the day before allo-HSCT, and were i.v. injected with 5 9 10 6 T cell-depleted BM (TCD BM) cells with or without 5 9 10 6 whole T cells. For the depletion of CD4 + cells in vivo, mice were injected i.p. with 200 lg anti-CD4 mAb (clone GK1.5; (15, 16) BioXcell, West Lebanon, NH, USA) at day 3, 6, or 17 after allo-HSCT. Donor lymphocyte infusion was carried out by i.v. injection of 5 9 10 6 whole T cells, CD4 + T cells, or CD8 + T cells on day 12 after allo-HSCT. Administration of anti-CD4 mAb-depleted CD4 + T cells for at least 1 week after treatment. (13) Each group of experiments consisted of 10 mice except where otherwise specified.
Tumor inoculation. Recipient mice were s.c. inoculated with 2 9 10 5 colon-26 cells per mouse at 1 day after irradiation and 5 h before allo-HSCT. Tumor volume was evaluated by measuring the major axis and minor axis of the tumor, and the volume calculated by the following formula: tumor volume (mm 3 ) = (major axis in mm) 9 (minor axis in mm) 2 9 0.5236. Systemic assessment of GVHD. The severity of GVHD was assessed with a clinical GVHD scoring system, as described by Cooke et al. (17) Recipients were individually scored two or three times per week for five clinical parameters (weight loss, posture, activity, fur texture, and skin integrity) on a scale from 0 to 2. A clinical GVHD score was generated by summation of the five criteria scores, generating a total ranging from 0-10. Survival was monitored daily.
Statistics. Statistical analyses were carried out using StatMate IV software (ATMS, Tokyo, Japan) or GraphPad Prism version 6 (GraphPad Software, Inc., La Jolla, CA, USA). The data are presented as mean AE SE. For comparisons between groups in the in vivo study, we used one-way ANOVA with Dunnett's post-hoc tests. A probability value of P < 0.05 was considered significant.
Results
Combining myeloablative irradiation and anti-CD4 mAb treatment ameliorates GVHD with moderate effects on GVT. We first investigated the influence of irradiation preconditioning on GVHD and GVT using a [B6?BDF 1 ] major mismatched allo-HSCT model (Fig. 1a ). BDF 1 mice (H-2 b 9 d ) received myeloablative (9 Gy) or non-myeloablative (4 Gy) X-ray total body irradiation on the day before allo-HSCT. The recipients were s.c. inoculated with colon-26 tumor cells (H-2 d ) 5 h before allo-HSCT, and then transplanted with B6 (H-2 b ) micederived TCD BM alone (BMT) or together with unfractionated T cells (GVHD). Among the BMT mice that received TCD BM alone, tumor growth was slower in mice in the myeloablative group that received the higher radiation dose than in mice that received the lower dose (Fig. 1b, c) . There was no obvious difference between the GVHD scores of BMT mice in the myeloablative and non-myeloablative groups (Fig. 1d ). In contrast, in GVHD mice that received TCD BM together with unfractionated T cells, the GVHD score in the myeloablative group progressively increased from day 9 onward, whereas the score in the non-myeloablative group decreased after day 14 (Fig. 1d) . Tumor growth in GVHD mice was slower in the myeloablative group than in the non-myeloablative group (Fig. 1b, c) . In GVHD mice treated with anti-CD4 mAb on day 3, the GVHD scores decreased to levels comparable to those in the BMT group by day 14, irrespective of irradiation preconditioning (Fig. 1d) . Although the tumor growth was accelerated in GVHD mice receiving anti-CD4 mAb treatment compared to those in the untreated GVHD mice, tumor growth in the myeloablative group was slower than that of mice in the non-myeloablative group (Fig. 1b, c) . In the myeloablative group, GVHD mice receiving anti-CD4 mAb treatment showed better overall survival than that of mice in the BMT group, which died from tumors from day 29, or for those of untreated GVHD mice, which died by GVHD from day 11 (Fig. 1e) . All nine GVHD mice that received myeloablative preconditioning and anti-CD4 mAb treatment (Fig. 1f, solid circles) had tumor size and GVHD scores that were less than the average values for all groups (Fig. 1f, dotted lines) , indicating a benefit from anti-CD4 mAb treatment. These results suggest that irradiation-induced damage to host stroma contributes both to tumor growth inhibition and to the severity of acute GVHD, and that a combination of myeloablative allo-HSCT and early anti-CD4 mAb treatment could provide benefit in terms of GVHD control and antitumor effects.
Timing effects of anti-CD4 mAb treatment on GVHD and GVT.
We next investigated the timing effects of anti-CD4 mAb treatment in GVHD mice receiving myeloablative conditioning to maximize the antitumor effects while inhibiting GVHD. Anti-CD4 mAb was given to GVHD mice receiving myeloablative conditioning on day 3, 6, or 17. In the GVHD mice receiving anti-CD4 mAb on day 3 or 6, the GVHD score decreased to a level comparable to that of mice in the BMT numbers to the right of the graph indicate the number of mice from each group that had less-than-average GVHD scores and tumor volumes (mice appearing in the lower left-hand corner of the plot), and the total number in each group. **P < 0.01; ***P < 0.001. Data represent mean AE SEM (aÀd; n = 10) from one of two independent experiments. group at day 15 onward (Fig. 2a, b) , but tumor growth was accelerated compared to untreated GVHD mice or GVHD mice treated with anti-CD4 mAb on day 17 (Fig. 2c) . In GVHD mice treated with anti-CD4 mAb on day 17, tumor growth was comparable to those in untreated GVHD mice (Fig. 2c) . Whereas the GVHD score decreased markedly after anti-CD4 mAb treatment on day 17, the score remained high compared to that of BMT control or early treatment groups (Fig. 2a, b) , and some mice died before treatment. Half of the GVHD mice that received anti-CD4 mAb treatment on day 3 or 6 had less-than-average tumor size and GVHD scores (Fig. 2d) . These results suggest that late antibody treatment is associated with better antitumor effects and moderate therapeutic effects against GVHD.
Combination of anti-CD4 mAb treatment and DLI augments GVT effects. Finally, we examined whether DLI would rescue reduction of GVT effects after anti-CD4 mAb treatment without exacerbating GVHD. We tried to determine whether CD4 + or CD8 + T cells were more suitable for DLI. The GVHD mice treated with anti-CD4 mAb on day 3 received an equal number of unfractionated T cells (containing both CD4 + and CD8 + T cells), CD8 + T cells, or CD4 + T cells on day 12 (Fig. 3a) . The GVHD score of the DLI group was very similar to that of the BMT group, irrespective of the donor T cell population (Fig. 3b, c) . Three out of five GVHD mice that had a GVHD score ≥3.0 at day 10 showed an increased GVHD score after DLI of unfractionated T cells, whereas the other mice with mild GVHD in the same group had a decreased GVHD score after DLI (Fig. 3d) . Strikingly, DLI of unfractionated T cells showed strong tumor growth inhibition that was significantly higher than that of anti-CD4 mAb-treated GVHD mice, with a tumor volume comparable to that of GVHD mice untreated with anti-CD4 mAb (Fig. 3e) . However, DLI of CD8 + T cells augmented antitumor effects moderately in comparison with the group that did not receive DLI, but DLI of CD4 + T cells did not (Fig. 3e) . Six of nine GVHD mice that received anti-CD4 mAb and DLI of unfractionated T cells had less-thanaverage tumor size and GVHD scores (Fig. 3f) . These results suggest that a combination of anti-CD4 mAb treatment and DLI, particularly in recipients with mild GVHD, is an attractive option to maximize GVT effects without risk of GVHD, and both CD4 + and CD8 + T cells contribute to the antitumor effects obtained by the DLI.
Discussion
Recent advances in immune checkpoint therapy provide a way to inhibit peripheral tolerance and to augment T-cell responses against tumors with neoantigens. However, these approaches are not effective for tumors without neoantigens as a result of central tolerance, the mechanism by which self-reactive T cells are eliminated during development. Allogeneic hematopoietic stem cell transplantation is the only way to break self-tolerance by transferring a T-cell population that did not undergo thymic selection in the recipient. Using clinically relevant experimental models of allo-HSCT and DLI, we showed that myeloablative preconditioning combined with early anti-CD4 mAb treatment and DLI elicits potent GVT effects and a sustained remission of GVHD symptoms.
Myeloablative preconditioning by irradiation is associated with increased risk of GVHD, delayed immune reconstitution, and overall treatment-related mortality, but is also associated with reduced risk of rejection and leukemia relapse. (18, 19) Similar risks and benefits of myeloablative preconditioning were observed in our allo-HSCT model; however, early anti-CD4 mAb treatment almost completely ameliorated GVHD, while leaving considerable antitumor effects intact. These results suggest that the adverse effects of irradiation preconditioning were, at least in part, associated with the CD4 + T-cellmediated immunotoxicity, and CD8 + T cells alone could mediate GVT effects. Our results are inconsistent with a report showing a major role of donor CD4 + T cells in GVT effects against bladder tumor. (20) The difference might be due to the differences in preconditioning. We used irradiation myeloablative preconditioning before allo-HSCT, which permanently and completely reconstitutes all hematopoietic cells as donor type, but the previous study used non-myeloablative preconditioning with cyclophosphamide, which transiently and partially establishes chimerism in T cells, a very different setting from clinical allo-HSCT. Interestingly, myeloablative preconditioning 1 day before tumor inoculation, even in the absence of allogeneic T-cell responses, suppressed tumor growth more strongly than non-myeloablative preconditioning. These results suggest that better antitumor effects following myeloablative preconditioning are not only mediated by direct damage to tumor cells, but also mediated by damage to the tumor stroma that is essential for tumor growth, and includes endothelial cells and fibroblasts. As the requirement for stroma in tumor growth may vary depending on the tumor type and affected organs, the benefits of myeloablative conditioning need to be further investigated in clinical settings. After allo-HSCT, one study showed that the majority of the donor T cells migrated to the secondary lymphoid tissues within a few days, where they were primed by host-type professional antigen-presenting cells (APCs) and differentiated into effector T cells. (21) In the induction phase, CD4 + T cells may augment the induction of CD8 + T cells by providing activation signals to APCs or by secreting pro-inflammatory cytokines such as interleukin-2. (11) In the effector phase, in which effector T cells redistributed to the tumor or target organs of GVHD where they attacked tumors or non-malignant tissues, CD4
+ T cells played a major role in inducing a cytokine storm. (11, 22) In our analysis of the effects of timing of anti-CD4 mAb treatment, we did not see significant differences in the GVHD and GVT effects between treatment on day 3 or day 6. These results suggest that the presence of CD4 + T cells before day 3 of allo-HSCT is sufficient to maximize the GVT effects mediated by CD8 + T cells. Our data showing that giving anti-CD4 mAb treatment to mice with severe GVHD on day 17 partially ameliorated GVHD indicated that CD4 + T cells persistently contributed to GVHD, and anti-CD4 mAb therapy would be an option to treat patients with severe GVHD. Although strong GVT effects were observed in the mice treated late with anti-CD4 mAb, late administration intended to obtain strong GVT effects may not be recommended because of the relatively high risk of GVHD.
Donor lymphocyte infusion is a well-established treatment for leukemia relapse after allo-HSCT. (23) (24) (25) Some clinical studies showed that DLI of CD4 + T cells reduced the risk of GVHD while preserving GVL effects in leukemia patients. (23, 26) As most of the leukemia cells lack expression of MHC class II markers, GVL effects of CD4 + DLI have been considered to be mediated by reactivation of pre-existing tumor-reactive CD8 + T cells by infusion of CD4 + T cells. Unexpectedly, CD4 + DLI did not augment GVT effects in the GVHD recipients receiving early anti-CD4 mAb treatment in our allo-HSCT model. This may be due, in part, to the influence of residual anti-CD4 mAb in the recipients. (16) Even allowing for the possible influence of residual anti-CD4 mAb, DLI with unfractionated T cells (16) exerted more potent GVT effects than CD8 + DLI, suggesting that infused CD4 + T cells may contribute to GVT effects when co-infused with CD8 + T cells. As to the risk of DLI-associated GVHD, recipients with relatively severe GVHD should be excluded from receiving unfractionated DLI. Importantly, antigen recognition of graftderived CD8 + T cells and DLI-derived CD8 + T cells may differ, as the former population is primed by host-type APCs but the latter population is primed by repopulated donor-type APCs. Because clonal diversity of tumor-reactive CD8 + T cells is an important factor for obtaining optimal antitumor effects, a combination of early anti-CD4 mAb treatment and unfractionated DLI would be an option to treat solid tumors.
In summary, we investigated the optimal strategy for adapting allo-HSCT for the treatment of solid tumors. Using a major mismatched mouse allo-HSCT model, we found that a combination of myeloablative preconditioning, early anti-CD4 mAb treatment, and DLI with unfractionated T cells could be a potent and safe immunotherapy that is theoretically effective against cancers lacking neoantigens. Of course, there are additional factors that may affect the risk of GVHD and the effects of GVT in clinical settings, such as the age of the patient, histocompatibility of the donor and recipient, and the type of tumor. The validity of our findings should be carefully investigated in future clinical studies. To this end, we are in the process of developing a humanized anti-CD4 mAb with potent antibody-dependent cell-mediated cytotoxicity.
